soil quality of a Vertisol due to the implementation of conservation agriculture practices and to 25 assess their effect on soil erosion, crop yield and yield components of tef (Eragrostis tef (Zucc.) 26
Trotter). The treatments were permanent bed (PB), terwah (TERW) and conventional tillage 27 (TRAD). Soil organic matter (SOM) was significantly higher in PB (2.49 %) compared to TRAD 28 (2.33 %) and TERW (2.36 %). Although aggregate stability of PB (0.94) was higher than TRAD 29 (0.83), the difference was not significant. PB had larger macroporosity (0.07 m 3 m -3 ) compared 30
to the other treatments. PB reduced runoff volume by 50% and TERW by 16% compared to 31 TRAD. PB also reduced soil loss by 86% and TERW by 53% in comparison to TRAD. Despite 32 the above soil physical quality improvements and effectiveness in runoff and soil loss reduction, 33 biomass and plant height of tef were significantly higher in TRAD than PB. The significantly 34 high weed dry matter at first weeding, the types of weeds and their water uptake behavior might 35 have caused the lower tef yield on the PB. We therefore recommend that appropriate rate of 36 herbicides must be used while growing tef using CA practices. 37 limiting the productivity of rainfed agriculture in the region (Haregeweyn et al., 2005) . In 51 addition to this problem, tillage in Ethiopia is carried out with a breaking ard plough, locally 52 known as maresha, whose shape and structure have remained unchanged for thousands of years 53 (Nyssen et al., 2000; Solomon et al., 2006) . 54
The conventional tillage by maresha includes a primary tillage, followed by repeated 55 secondary shallow tillage, aiming at controlling weeds, conserving moisture and aerating the soil 56 (Melesse et al., 2008) . In the study area, particularly since the widespread introduction of stone 57 bunds for soil and water conservation in the late 1980s, plowing is done parallel to the contour. 58
The first furrow is made at the lower end of the field, and the oxen move upslope for each 59 subsequent furrow (Nyssen et al., 2000) . These repeated operations cause moist soil to move to 60 the surface favoring water loss by evaporation (Aase and Siddoway, 1982) , exposing the soil to 61 both wind and water erosion (Astatke et al., 2002; FAO, 2002) and causing structural damage 62 (Melesse et al, 2008) . Soil erosion due to high tillage frequency and other soil management 63 problems has seriously affected over 25% of the Ethiopian highlands (Kruger et al., 1996) . Such 64 detrimental effect of soil erosion and water stress can be improved to some extent by other 65 management options like conservation agriculture (CA) practices, including permanent beds and 66 semi-permanent beds. 67
The main benefit of CA is to preserve the soil in semi-natural conditions as soil disturbance 68 by cultivation is minimized and physicochemical degradation is reduced (Kertesz, 2004) were also collected from each plot and soil depth to determine the soil water retention curve. 167
Standard sharpened steel 100 cm 3 cylinders were driven into the soil using a dedicated ring 168 holder (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands). The particle size 169 distribution of the mineral components of the soils (i.e. after destruction of organic matter and 170 CaCO 3 ) was determined using the combined sieve and pipette method (De Leenheer, 1959) . 171 SOM was determined using the Walkley and Black (1934) method, while CaCO 3 was 172 determined by acid neutralization (De Leenheer, 1959) . 173
The soil shrinkage characteristic curve (SSCC), describing the volume changes of clay soils 174 with change in moisture content was determined using the balloon method as first described by 175 Tariq and Durnford (1993) The soil water characteristic curve (SWCC) was determined using the sandbox apparatus 198 (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands) for high soil matric potentials The SWCC was then used to compute the soil physical quality index (S) as defined by Dexter 213 (2004), and macroporosity and matrix porosity, air capacity and plant-available water capacity 214 according to Reynolds et al. (2007) . Dexter (2004) defined S as the slope of the soil water 215 retention curve at its inflection point and it can be written as: 216
The value of S is an indication of the extent to which soil porosity is concentrated into a 220 narrow range of pore sizes and is assumed to be a measure of soil microstructure, which controls 221 many soil physical properties. The residual water content θ r was set at a zero value, as was also 222 done by Dexter (2004) . This parameter is mathematically defined as the water content where dθ/dψ 223 becomes zero or at ψ = -MPa, which is physically not realistic. Furthermore, θ r often becomes 224 negative in the curve-fitting procedure and as negative water content is undefined; it is then forced 225 to converge to zero, which results as well in an unrealistic path of the retention curve at low water 226 macropores as pores with a diameter >50 µm and thus related macroporosity to their functions in 239 relation to plant growth, as suggested by Lal and Shukla (2004) . Such pores correspond to 240 transmission pores facilitating air movement and drainage of excess water (Greenland, 1977) . 241
According to this definition, m is the water content at a matric potential of -0.6 m (-6 kPa). 242
The soil air capacity (AC), which is an indicator of soil aeration (Reynolds et al., 2007) , was 243 calculated as: 244
where, FC is the volumetric water content at so-called field capacity (m 3 m -3 ). 248
The latter ( FC ) was determined gravimetrically on a 2 x 2 m plot adjacent to our 249 experimental site and with similar texture. An earth embankment was constructed along the four 250 sides of the plot, which was ponded with water overnight to saturate the soil profile until 1 m 251 depth. The plot was then covered with a plastic sheet to avoid evaporation and was left to drain 252 under the influence of gravity. Soil samples taken from 0-20 cm after 48 hours were used to 253 determine the gravimetric water content at field capacity, and this value was converted to 254 volumetric values using the SSCC. 255
Plant-available water capacity (PAWC), which expresses the soil"s capacity to store and 256 provide water that is totally available to plants, was calculated as: 257 while the latter two didn"t show a significant difference (Fig. 3) . Although the stability index of 303 aggregates in PB was higher than for the TERW and TRAD (Fig. 4) , the differences among the 304 three treatments were not significant. There was no significant difference among the different 305 size classes for the three treatments either (data not shown). 306 The runoff generated after each rainfall that caused runoff was not significantly different 326 between the treatments in the first week after sowing (Fig. 6) . Once the soil stabilized, however, 327 (i.e after crop emergence) TRAD had significantly higher runoff volume than PB for a given 328 rainfall amount. Nevertheless, the runoff generated from TERW and PB was not significantly 329 different for the second and third week after sowing, although runoff from TERW was higher. 330
After the furrows were filled with sediment TERW had the highest loss, although the loss was 331 not significantly different from TRAD on days when rainfall was higher (i.e., August 27 and 332
September 3 and 4 2006). Even after the furrows were filled with sediment, TERW had 333 significantly lower runoff compared to TRAD for most days with little rainfall. The overall 334 runoff volume over the complete growing period showed that PB had significantly lower runoff 335 than TRAD (Fig. 7) . PB also showed lower runoff compared to TERW, though it was not 336 significant. The mean of total runoff volume collected from TRAD, TERW and PB was 92.8, 337
78.2 and 46.7 mm, respectively. 338 339 Soil loss also followed a similar trend to runoff in the first week after sowing. However, 340 there was a significantly higher soil loss from TRAD on August 9 when there was very high 341 rainfall. Soil loss from TERW was significantly higher than for PB, unlike the runoff data 342 during the third week after sowing. Soil loss was significantly higher in TRAD than the other 343 two treatments by the end of the rainy season, especially when high rainfall occurred, unlike 344 runoff where TRAD and TERW had no significant difference. There were significant
Crop yield and its components 350 351
Results of grain yield analysis ( The significantly higher SOM in PB was most probably from the incorporation of plant 366 residue from the previous year. Christensen (1986) and Smith and Elliott (1990) reported that 367 incorporation of straw and other organic materials promotes soil particle aggregation. Plant 368 residues from the previous cropping season and less soil disturbance resulted in higher 369 aggregate stability on PB and our result accords with findings by Gebreegziabher (2006) and water conservation is a major concern. Accordingly, our experimental site was designed to 417 study possible methods that can harvest as much moisture for healthy growth of different crops 418 grown in the area to enhance in-situ water conservation. Gebreegziabher et al. (2009) found 419 over 60% decrease in total runoff using wheat as a test crop in the previous growing period, 420 while we found 50% decrease in PB compared to TRAD. Our result accords with their findings. 421
The runoff generated from all the treatments in the first week after sowing was not significantly 422 different between treatments. This can be due to the disturbance of the field during reshaping 423 and plowing at sowing. Once the soil was stabilized, (i.e after crop emergence), TRAD had a 424 significantly higher runoff volume than PB for a given rainfall amount. Engel et al. 
Conclusions 480 481
This short-term research showed significantly higher SOM in PB compared to the other 482 treatments. However, the SWCC shows that PB and TRAD had relatively higher moisture 483 content near saturation compared to TERW. The relatively higher MacPOR of PB showed that 484 the increase in the SOM and aggregate stability have contributed to this improvement. The 485 effectiveness of TRAD and PB in runoff and soil loss reduction suggests that these soil 486 management systems could be a requirement for all crops for better soil and water conservation. 487
Despite the above improved soil physical properties and soil erosion reduction, which most 488 probably resulted in higher soil water storage in PB than in the other treatments, yield, biomass 489 and plant height of tef were significantly higher in TRAD than in PB. The significantly high 490 weed dry matter at first weeding in PB, the types of weeds and their water uptake behavior have 491 most probably caused the reduced tef yield. 
